The Na+,K+-ATPase ion pump plays a critical role in fluid and electrolyte physiology of the small intestine. Here we show that, of the three known a isotypes (al, a2, and a3) of the sodium pump found in the rat, only al is expressed in the small intestine. The expression of this isotype, considered at the level of mRNA, is under developmental control, with the adult intestine exhibiting approximately a threefold increase in al message over the neonate. Cortisone treatment of the neonate results in near-adult levels of al mRNA expression. An increase in the abundance of al isotype parallels the changes in its mRNA expression. ,B subunit mRNA is expressed coordinately with the al subunit mRNA. A four-to five-fold rise in the Na+,K+-ATPase activity is also developmentally induced. (J.
Introduction
Na+,K+-ATPase (EC 3.6.1.3) is an af3 heterodimer located in the plasma membrane ofanimal cells ( 1, 2) , which is responsible for maintaining Na+ and K+ gradients across plasma membranes. A 100,000-D a catalytic subunit peptide acts to transport three Na+ ions out ofthe cell and two K+ ions into the cell for each molecule of ATP hydrolyzed. A 55,000-D 3 subunit is a glycoprotein that may be necessary for the assembly of the sodium pump into the plasma membrane (3, 4) . Na+,K+-ATPase serves a vital function in various mammalian tissues. In the nervous system, the pump establishes the resting membrane potential necessary for signal propagation. In the heart Na+,K+-ATPase affects the force of muscle contraction by generating a Na+ gradient, which in turn affects the concentration of Ca2+ in muscle cells. In the kidney the ion pump regulates water reabsorption and venous blood volume by controlling Na+ transport across the renal tubule into the bloodstream. Finally, in the intestine, Na+,K+-ATPase, which is located in the basolateral membrane, creates the driving force for ion and solute transport across the epithelium.
In the rat there are three highly homologous isotypes of the a subunit, a 1, a2, and a3, and each is encoded by different genes (5) . The cDNA identity for these isoforms reaches 76% homology, whereas the amino acid sequence has > 85% homology (6) . The isotypes differ in their affinity for substrates (7, 8) and for ouabain (9-1 1 ), which can inhibit the pump by interfering with ATP hydrolysis. Thus far, all three isotypes are expressed only in the brain; but in other tissues a subset of the a isotypes has been found ( 12). One A subunit derived from a variety of alternatively spliced mRNA species is expressed in most tissues ( 13, 14) , although other isotypes of the subunit have also been found in select tissues ( 15, 16) .
In the enterocyte the electrochemical gradient established by Na+,K+-ATPase has a twofold effect. Under physiological conditions, the sodium gradient facilitates the absorption of fluid and ions from the lumen across the epithelial cell into the circulation. Under pathophysiological conditions, such as the interaction of cholera toxin and other bacterial toxins with their membrane receptors (e.g., ganglioside GM,) or the stimulation by other secretagogues, the pump also prevents the excessive loss of water and ions into the intestinal lumen. It is generally accepted ( 17) that cholera toxin-induced cAMP accumulation opens the chloride channel in the apical membrane of crypt cells, permitting mucosal Cl-secretion. cAMP stimulation also inhibits the reabsorption ofNaCl in villus cells by blocking the apical membrane Na+/H+ and Cl-/HCO3; exchangers. Na+,K+-ATPase is unaffected by this toxin and continues to pump sodium ions across the basolateral membrane into the blood stream.
Oral rehydration therapy ( 18 ) used in patients with secretory diarrhea makes use of the principle that a salt and glucose solution can enhance the osmotic reabsorption of water across the intestinal epithelial cell. This therapy requires an operational sodium pump in the basolateral membrane and a Na+/ glucose cotransporter in the apical membrane of enterocytes. Since the sodium pump can counteract the altered intestinal ion flux across the intestine due to cholera toxin, we hypothesize that the difference in host sensitivity to cholera toxin between immature and mature animals may be related in part to the altered density ofthe sodium pump in the basolateral membrane.
In previous studies we have demonstrated an increased sensitivity to cholera toxin-induced diarrhea in the small intestine ofimmature compared with mature animals ( 19) . In this study we show that the enzyme pump is indeed more active and more abundant in the adult than in the neonatal intestine. We also provide evidence that the isotype for Na (22) . In constructing the S1 probe (Fig. 1 25 imidazole, and 0.1% deoxycholic acid. The homogenate was centrifuged at 3,000 g for 15 min, and the resulting supernatant was then centrifuged at 105,000 g for 1 h. The resulting pellet was resuspended in 100 mM Tris-25 mM imidazole (pH 6.8) by homogenization and used for the enzyme assay immediately. The assay mixture, in a final volume of0.1 ml, contained the following (mM): 100 NaCI, 20 KCI, 3 MgCl2, 3 ATP (Tris salt), 10 imidazole (pH 6.8), and the enzyme solution (50-100 ,Mg protein) with or without 1 mM ouabain. The reactions was carried out at 37°C for 15 min and stopped by the addition of ice-cold 15% trichloroacetic acid. The phosphorus released was determined by the method of Chen et al. (25) . Na+,K+-ATPase activity was calculated from the difference between the activities measured in the presence or absence of 1 mM ouabain. The protein concentration was determined by the method of Lowry et al. (26) .
Total RNA preparation. Proximal and distal small intestine was removed from decapitated 2-wk-and 8-wk-old rats and immediately frozen in liquid nitrogen. The intestine was pulverized in a frozen state and total RNA was extracted according to a modified guanidine-thiocyanate procedure of Chirgwin et al. (27) . The RNA was pelleted through a CsCl gradient, resuspended in the following (mM): 10 Tris-HCI, 1 EDTA, pH 7.9 buffer. The concentration of each sample was determined based on the absorbance at 260 nm (A260). The 20 -cm gel. The gel was run at < 25 mA, dried, and exposed to x-ray film at -80°C for 24-72 h with intensifying screen. The counts associated with each band were collected on a radioanalytic imaging system (AMBIS Systems Inc., San Diego, CA). Vacuum-dried gels were analyzed for 6 h.
Enterocyte isolation and particulate fraction preparation. Enterocytes were isolated from the proximal rat small intestine according to a modified method described by Weiser (29) . A protease inhibitor PMSF (1 mM final concentration) was added to all the buffers before use. An intestinal sac was filled with the buffer and incubated at 4°C. Enterocytes from adult rats were collected every 20 min for four consecutive periods and pooled together. The collecting time was reduced to 15 min for neonatal enterocytes. The following procedures were done at 4°C: isolated enterocytes were homogenized in a homogenizing buffer (0.1 M Tris-HCl, pH 7.4) containing 1 mM PMSF, 20 Ag/ml aprotinin, and 10 ,ug/ml leupeptin asprotease inhibitors. After centrifugation of the homogenate at 3,000 g for 15 min, the supernatant was centrifuged at 105,000 g for 1 h. The resulting pellet was resuspended in homogenizing buffer and used in immunoblotting.
Gel electrophoresis and immunoblotting. The particulate fraction of enterocytes in sample buffer was subjected to SDS-PAGE on a 5% polyacrylamide gel, under conditions described by Laemmli (30) . Proteins were electrophoretically transferred to nitrocellulose (31 ) . Immunoblotting was performed as described (24, 32) . 
Results
Developmental differences and cortisone induction of Na+,K+-A TPase activity. The ontogeny ofNa+,K+-ATPase activity in the proximal and distal portions of the rat small intestine is shown in Fig. 2 . Although no significant regional difference was noted, the enzyme activity was clearly affected by the age of the animal. In 8-wk-old rats this activity was four to five times higher than in 2-wk-old suckling rats. The activity increased threefold between the second and third postnatal week. This rise in enzyme activity coincided with weaning, a critical period in the maturation of the small intestine.
To test the role of glucocorticoids in regulating Na+,K+-ATPase activity, we injected 9-d-old rats once with cortisone. The animals were killed 5 d later at 2 wk of age.
Cortisone-treated animals,exhibited a three-to fourfold higher Na+,K+-ATPase activity than the untreated controls in both regions of the gut (Fig. 3) .
Northern blot analysis of mRNA expression. Total RNA was collected from adult, neonatal, and cortisone-treated neonatal intestine and tested for the presence of the three Na+,K+-ATPase a and one : isotypes with radiolabeled cDNA probes. Transcripts corresponding to the a 1 and 3 subunit genes were abundant in all samples (Fig. 4 A) . The pattern of expression of these subunits was age dependent, with the 8-wk-old intestine showing higher levels of the a 1 and the a Age (weeks) Figure 2 . Postnatal development of Na+,K+-ATPase activity in the rat small intestine. Each point represents a mean±SE of four samples, prepared from three to four rats per sample for 1-2 wk and one rat per sample for 3-8 wk.
subunit transcripts than the 2-wk-old intestine. Samples from cortisone-treated intestine also exhibited increased expression ofthese subunits relative to the neonate. The analysis ofautoradiographs on a densitometer revealed an increase of two-to threefold for adult a message and an increase of approximately twofold for message from cortisone-treated intestine compared with that from the neonatal sample (Fig. 4 B) . A parallel but smaller increase was also noted in the ,B message (Fig. 4 B) scripts of the remaining a subunits (a2, a3) could not be consistently detected in the intestine by Northern blot analysis. SI nuclease protection analysis of mRNA expression. To determine whether a2 and a3 were indeed expressed and to obtain more quantitative data about the changes in a 1 expression, we used a S1 nuclease protection analysis. RNA from intestinal samples, rat brain, and tRNA was tested for the presence of the three Na+,K+-ATPase a isotypes with appropriate cDNA probes (Fig. 5 A) . Correct fragments corresponding to each of the three isotypes were protected from S1 digestion with rat brain RNA. No fragment was detected with tRNA, used here as a negative control. In intestinal RNA, only al transcript was found. Furthermore, the level of a 1 mRNA was differentially expressed during development and after cortisone treatment (Fig. 5 B) . When measured as counts per relevant band, there was approximately a three-fold increase in a 1 message in adult RNA samples and a 2.5-fold increase in cortisone-treated samples compared with the neonatal samples (Fig. 5 C) .
Immunodetection ofNa+,K+-A TPase isozymes. The analysis of intestinal membrane proteins and rat brain controls with isozyme-specific monoclonal antibodies yielded predictable results (Fig. 6 A) . All three a-isozymes of Na+,K+-ATPase were identified in the brain microsomal samples, but only a l-isozyme protein was found in the intestinal epithelium. Furthermore, a 1 isozyme was prominent in the adult and cortisonetreated membrane fractions (Fig. 6 B) . There was approximately a 1.5-1.8-fold increase in the a 1-isozyme protein level in both groups ofsamples compared with the neonatal samples (Fig. 6 C) . RNA were used. The gel was exposed to x-ray film overnight at -80°C with an intensifying screen. In some instances, the excessive DNA probe reannealed when the cold SI nuclease was added, giving rise to a protected 623-bp band. The reannealing of excessive probe had no bearing on the DNA/RNA hybrids formed during the incubation of probe with the total RNA. (C) The gel in panel B was analyzed on a radioanalytic system for 6 h. The same area around the 246-bp band in each sample was integrated. The columns represent total counts per minute in each area. Each bar represents a mean of two determinations.
Discussion
Previous attempts to describe the regulation of the Na+,K+-ATPase activity have evoked a complex scheme of control mechanisms. The activity of Na+,K+-ATPase is a function of several a and ,B isotypes of the pump's subunits, which combine in equal ratios to form the active membrane complex. These isotypes are independently and differentially expressed in mammalian tissues. The a isotypes vary in their substrate and ouabain affinities. The ,B isotypes, which have not been assigned a catalytic role, are believed to influence the pump's activity through their contribution to the stability of the enzyme complex. Ontogeny, hormones, and nutritional conditions are some of the circumstances that may alter the expression ofNa+,K+-ATPase isotypes in mammalian tissues. The possible basis for the enzyme regulation by these factors could be a modification in gene expression and/or a change in the stability of mRNAs and protein isotypes. In this study we set out to determine how the activity of intestinal Na+,K+-ATPase is regulated and to compare its developmental regulation to hormonal induction of this activity. We had several reasons to believe that Na+,K+-ATPase activity is regulated both developmentally and by glucocorticoid hormones. In a previous study ( 19) we have reported that neonatal rats were more susceptible to cholera toxin than either adult rats (50-fold) or cortisone-treated neonates ( 1,000-fold). This increase in sensitivity to cholera toxin by neonatal rats could not be explained by receptor binding or density but appeared to be associated with a three-to fivefold increase in Na+,K+-ATPase enzyme activity between newborn and adult and cortisone-treated neonatal groups ( 19) . Other studies have shown that rat ileum pretreated with glucocorticoids absorbed more fluid than untreated controls (34) and that rabbits deficient in glucocorticoids exhibited depressed Na+ absorption and increased Cl-secretion (35) . This present study confirmed our earlier findings. In the small intestine ofrats, treated as initially described (19) , Na+,K+-ATPase activity rose threefold in response to cortisone treatment and four-to fivefold from 2 to 8 wk of age. Furthermore, the data in this study demonstrate a differential Na+,K+-ATPase isotype gene expression, not only at the mRNA level but also at the protein level, and these changes were well correlated with the altered enzyme activity.
Thie current dogma suggests that the Na+ pump rate in the enterocyte is determined solely by its intracellular sodium concentration, which in turn is regulated by sodium absorption into the cell (36) . The Na+,K+-ATPase pump is thought to be present in abundance and therefore not a rate-limiting factor. However, in a recent review by Schultz and Hudson (37) , this dictum is challenged and it is suggested that other factors may be involved in the regulation ofthe overall Na+ pump activity. One ofthe major factors appears to be the pump density in the basolateral membrane (38) . In this study, we showed that a developmental and hormone-induced increase in a 1 mRNA resulted in a greater density of the Na+,K+-ATPase pump in the basolateral membrane of the small intestine, which in turn might account for the increased rate of Na+egress in both adult and cortisone-treated neonatal enterocytes. Therefore (40) found that an increase in expression of a subunits coincided with an increase in the expression of the 3 subunit, with a 1 and 3 levels most closely coordinated. The analysis of rat colonic Na+,K+-ATPase (43) revealed that a 1 and 3 subunit mRNA expression was low at birth, but reached adult levels by day 25 
